Gene duplication is a key mechanism for the adaptive evolution and neofunctionalization of gene families. Large multi-gene families often exhibit complex evolutionary histories as a result of frequent gene duplication acting in concordance with positive selection pressures.
Introduction
The evolution of gene families is a key mechanism for the adaptive evolution of organisms (cf. Ohno, 1970 Ohno, , 1973 Zhang et al. 1998) . One process central to the generation of new genetic material for biological evolution is gene duplication (Ohno, 1970 (Ohno, , 1973 Kimura and Ohta, 1974; Hughes, 1994; Zhang et al. 1998; Lynch and Conery, 2000; Bergthorssen et al. 2007 ). Since the inception of the "neofunctionalization model" (or "mutation during nonfunctionality"), whereby the duplication of a gene precedes the emergence of a new function through the relief of functional constraints from one copy (Ohno, 1970; Kimura and Ohta, 1974) , the evolutionary processes that govern the neofunctionalization of duplicate genes have been the subject of much interest. However, this model fails to explain how duplicate genes may be sufficiently maintained in a population to accumulate mutations to confer a new function, particularly when maintaining a duplicated gene by selection would restrict the freedom to diverge ("Ohno"s dilemma" - Bergthorsson et al. 2007 ). It has since been proposed that genes may develop one or more discrete or neutral secondary functions prior to gene duplication, with subsequent mutations (Hughes, 1994) or further gene amplification prior to mutation (Bergthorsson et al. 2007) , allowing selective pressures to maintain duplicates with divergent functions. Frequent gene duplication is consequently capable of generating large, related, multi-gene families that exhibit a diverse array of functions (cf. Nei et al. 1997; Kordiš and Gubenšek, 2000; Lynch and Conery, 2000; Fry et al. 2003; Lynch, 2007) .
The evolutionary history of gene families containing numerous paralogues can be particularly difficult to trace, especially when genes have been the subject of positive Darwinian selection and/or alterations in domain structure, as the result of deletion or divergence (Ohta, 1991; Richards and Cavalier-Smith, 2005) . A number of snake venom toxin families demonstrated to have evolved via gene duplication and positive selection are consequently typified by a 4 complex evolutionary history, with diverse functional and pathological activities encoded by members of the same multi-gene family (cf. Kini and Chan, 1999; Fry et al. 2003; Fox and Serrano, 2005; Lynch, 2007; Casewell et al. 2011) . Furthermore, some toxin families exhibit fascinating diversity in their molecular scaffolds: genes have been identified that tandemly repeat domains (Ducancel et al. 1993; Soares et al. 2005) or motifs (Wagstaff et al. 2008) , encode specific domain products (cf. Calvete et al. 2005; Fry et al. 2008 ) and combine through domain loss and gene duplication (Fry et al. 2010 ) to produce structurally distinct venom toxins. Multi-gene toxin families therefore represent a model system to investigate how neofunctionalization occurs in rapidly evolving gene families and the role alterations in domain structure may take in such a process.
The snake venom metalloproteinases (SVMPs) are a large multi-gene toxin family that encode differing multi-domain proteins capable of inducing a diverse array of functions that include: haemorrhage, coagulopathy, fibrinolysis, apoptosis and the activation of factor X and prothrombin (cf. Fox and Serrano, 2005) . As a result of their extensive representation in viperid venoms (cf. Bazaa et al. 2005; Sanz et al. 2008; Wagstaff et al. 2009 ) and their aforementioned functional diversity, SVMPs are one of the principal causes of the lifethreatening haemorrhagic pathologies observed following viperid snakebite. SVMPs are typically characterised by the presence of a catalytic "H-box" amino acid motif (HEX 2 HX 2 GX 2 HD) in the metalloproteinase domain, and conventionally further categorised into classes (P-I, P-II and P-III) based upon the presence or absence of additional nonproteinase domains extending the metalloproteinase domain (Hite et al. 1994; Serrano, 2005, 2008) : the P-I class comprises only a metalloproteinase domain, P-IIs are those sequentially extended by a disintegrin domain and P-IIIs by a disintegrin-like and cysteine-rich domain (Figure 1 ). Dissimilarities in the numbering of structural cysteine residues and the absence of an RGD or RGD-like integrin binding motif differentiate the 5 disintegrin-like domain of P-IIIs from the disintegrin domain of P-IIs Serrano, 2005, 2008) . Sub-classifications of P-II and P-III classes have also been advocated on the basis of evidence of post-translational modification of SVMP toxins, including the proteolytic processing of specific domains and the formation of multimeric structures Serrano, 2005, 2008) (Figure 1 ). Although all three major SVMP classes are capable of inducing haemorrhage, the inclusion of additional domains appears to correspond to increases in haemorrhagic activity (Fox and Serrano, 2005 . Furthermore, known and suspected alterations in the domain structures of SVMPs are thought to account for their functional diversity, with certain activities seemingly associated with specific domains, such as fibrinolysis (P-I metalloproteinase domain), potent platelet aggregation (P-II disintegrin domain) and activation of prothrombin and factor X (P-III structure) (cf. Calvete et al. 2005; Fox and Serrano, 2005) .
Because of their pathological importance, there is intense interest surrounding the evolution of SVMPs following their recruitment into venom. Early studies investigating their evolutionary history implied a common ancestry with the mammalian matrix metalloproteinases (MMPs) Hite et al. 1994; Moura-da-Silva et al. 1996) , preceding divergence by positive selection (Glassey and Civetta, 2004) .
More recently, the phylogenetic placement of SVMP recruitment was inferred to have occurred at the base of the advanced snake (Caenophidia) radiation, prior to the divergence of the Viperidae from most other Caenophidians (Fry et al. 2008 ). This recruited protein was likely a P-III ancestor, with subsequent divergence of molecular scaffolds responsible for the generation of the P-II and P-I classes (Moura-da-Silva et al. 1996) , recently speculated to be the result of neofunctionalization of the disintegrin-like domains of duplicated P-III genes . However, Moura-da-Silva et al. (1996) were constrained by the very limited molecular dataset available at the time, and were unable to obtain significant support 6 for a number of important nodes on their gene tree, including the monophyly of the P-II class and the P-I and P-II classes. To date, no comprehensive analysis has been undertaken to further elucidate the evolutionary history of this medically important toxin family, with a limited number of studies investigating either the phylogenetic relationships of SVMPs isolated from closely-related species, or of specific classes or domains (e.g. Tsai et al. 2000; Chen et al. 2003; Calvete et al. 2005; Guo et al. 2007; Juárez et al. 2008 
Materials and Methods

Echis snake venom metalloproteinases
Venom gland cDNA libraries were constructed for four species of saw-scaled viper, Echis ocellatus, E. coloratus, E. pyramidum leakeyi and E. carinatus sochureki -representing the four major species groups in the genus ), using procedures previously outlined (Wagstaff and Harrison 2006; Casewell et al. 2009 ). Briefly, expressed sequence tags (ESTs) were generated and bioinformatically processed using the PartiGene pipeline (Parkinson et al. 2004) , including high stringency CLOBB clustering (Parkinson et al. 2002; Wagstaff and Harrison, 2006) , into clusters representing putative gene products.
Subsequently, a single clone from each cluster that exhibited BLAST similarity to snake venom metalloproteinases was selected for full length sequencing via primer walking.
Multiple nucleotide reads were stitched together in SeqMan (DNASTAR -Lasergene software suite), trimmed to the open reading frame and translated into amino acids. GenBank accession numbers of the Echis sequences generated are displayed in the appropriate figures.
Non-Echis snake venom metalloproteinases
Nucleotide and amino acid SVMP sequences were obtained through a search of the public databases (GenBank and UniProt accession numbers of sequences used are displayed in the appropriate figures). Due to the greater availability of amino acid sequences, nucleotide sequences were translated and incorporated into the amino acid dataset before alignment in Clustal W (Thompson et al. 1994) . Identical sequences and those containing truncations or frameshifts as the result of insertions or deletions were excluded in MEGA4 (Tamura et al. 2007 ). Due to the frequency of partial length sequences obtained from the public databases,
sequences which failed to demonstrate sequence similarity to the catalytic site ("H-box" motif) of the metalloproteinase domain (Fox and Serrano, 2005) 
Phylogenetic and recombination analyses
Prior to phylogenetic analyses, datasets were partitioned into: i) full length, ii)
iv) MP and DIS domains, v) MP, DIS and cysteine-rich (CYS) domains and vi) DIS and CYS domains
(cf. Figure 1 -domains identified as per Serrano, 2005, 2008) . The full dataset was also partitioned into a dataset consisting of P-I and P-II SVMPs (containing three representative P-IIIs for phylogenetic placement) and another consisting of P-III SVMPs (containing two representative P-I and P-II SVMPs). Each dataset was tested for evidence of recombination in the recombination detection program RDP3 v3.44 (Heath et al. 2006 ), using standard parameters and RDP, GENECONV, MaxChi, Chimaera and 3Seq search models (Smith, 1992; Padidam et al. 1999; Martin and Rybicki, 2000; Posada and Crandall, 2001; Boni et al. 2007 ). Subsequently, gene trees were produced from generated alignments using optimised models of sequence evolution combined with Bayesian inference. Considering that complex models of sequence evolution have been demonstrated to extract additional phylogenetic signal from data (cf. Castoe et al. 2005; Castoe and Parkinson, 2006) , we subjected the datasets to analysis in ModelGenerator v0.85 (Keane et al. 2006) . The model favoured under the Akaike Information Criterion (AIC) (Posada and Buckley, 2004) was selected for all partitions. Bayesian inference analyses were undertaken using Markov Chain
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Monte Carlo (MCMC) randomisation in MrBayes v3.1 (Ronquist and Huelsenbeck, 2003) on the freely available bioinformatic platform Bioportal (www.bioportal.uio.no -Kumar et al. 2009 ). Each dataset was run in duplicate using four chains simultaneously (three heated and one cold) for 5x10 6 generations, sampling every 500th cycle from the chain and using default settings in regards to priors. We used the program Tracer v1.4 (Drummond and Rambaut, 2007 ) to estimate effective sample sizes for all parameters and to construct plots of ln (L) against generation to verify the point of convergence (burnin); trees generated prior to the completion of burnin were discarded.
Detection of adaptive molecular evolution
To test for episodes of positive selection following the loss of SVMP domains, the branchsite codon substitution model was implemented in CODEML in PAML4 (Yang, 2007) . Two datasets were generated from the full amino acid dataset used in Bayesian analysis to test for selection following the loss of: i) the P-III cysteine-rich domain to form P-IIs (all viperid P-III and P-II SVMPs were retained and P-I and non-viperid SVMPs (excluding outgroups)
were excluded) and ii) the P-II disintegrin domain to form P-Is (all viperid P-II and P-I SVMPs were retained and P-III and non-viperid SVMPs were excluded). The two datasets were back-translated into DNA sequences (cf. Supplementary Table 1 for the small number of amino acids sequences excluded due to the absence of DNA sequence) in MEGA4 (Tamura et al. 2007 ) and partitioned into first, second and third codon positions to incorporate any differences in patterns of sequence evolution in MrModeltest v2.3 (Nylander, 2004) . Models selected were implemented for Bayesian analyses using the parameters previously described. Bayesian DNA gene trees generated were checked for homology to amino acid trees and foreground branches allocated to clades containing more than one DNA sequence where domain losses were inferred to have occurred. The CODEML alternative (branch-site model A) and null model Zhang et al. 2005) were run in 10 duplicate and compared to each other for eight sets of data: foreground branches representing sequences in i) six independent P-I class branches (numbered 1-6 in Supplementary Figure   1) , ii) the P-II class branch (numbered 7 in Supplementary Figure 2 ) and iii) the P-II class branch with exclusion of the disintegrin domain. Twice the log likelihood difference between the two models was compared with the 50:50 mixture of point mass 0 and χ 2 (d.f.=1, critical values 3.84 and 5.99 at 5% and 1% significance levels - Zhang et al. 2005) . To exclude the possibility that positive selection is acting independently of domain loss, we randomly selected twenty branches from the DNA gene trees to act as a null test; nodes on the two trees were numbered consecutively and a random number generator used to select branches (cf.
Supplementary Figures 1 and 2 for those selected). Tests of adaptive molecular evolution
were subsequently undertaken as previously described. Differences between the test statistic (twice the log likelihood difference) obtained from positively selected null and domain loss branches were statistically analysed: the tests statistics were log transformed to meet normality according to the Anderson-Darling test (Anderson and Darling, 1952) and tested for significance (p>0.95) in two-tailed unequal variance t-test (Ruxton, 2006) , as the result of significant differences in group variance (Bartlett, 1937) .
Where evidence of positive selection in the domain loss branches was obtained by branch-site analysis, codon positions identified by the Bayes Empirical Bayes (BEB) method as under positive selection (where p<0.05) were structurally mapped into SVMP threedimensional macromolecular structures using YASARA (www.yasara.org). Due to the absence of P-II crystal structures, codon positions identified in the metalloproteinase domain of P-I and P-II SVMP foreground branches were mapped into a P-I structure acting as the domain template [BAP1 from Bothrops asper, PDB: 1ND1]. Codons identified in the disintegrin domain of sequences on the P-II foreground branch were mapped into a disintegrin structure [Trimestatin from Protobothrops (formerly Trimeresurus) flavoviridis,
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PDB: 1J2L]. The accessible surface area (ASA) was predicted for all individual residues present in both macro-molecular structures using Real-SPINE 3.0 (Faraggi et al. 2009 ) with standard parameters. To test whether positive selection is predominately acting upon surface exposed residues, ASA scores of positively selected amino acid residues in P-I and P-II domain loss branches were statistically compared to entire residues present in each macromolecular structure by two-tailed equal variance t-tests.
Results
Phylogenetic parameters
The SVMP dataset, containing 738 amino acid positions (n=190), was partitioned into the following datasets to rigorously test the hypothesis that differing SVMP domains have undergone the same evolutionary history: i) full length (738 amino Models of sequence evolution assigned by ModelGenerator (Keane et al. 2006) for the amino acid Bayesian analyses are displayed in Supplementary Table 2 . Tracer (Drummond and Rambaut, 2007) revealed that the point of convergence (burnin) for each Bayesian analysis had occurred prior to the first 1.5x10 6 generations for all parameters, but we conservatively discarded these generations and calculated the consensus trees from the remaining 75% of the posterior distribution. All parameters of the Tracer analyses had effective sample sizes above 200 and in most cases by a large margin. clades that are uniquely composed of either P-I or P-II SVMPs, alongside multiple clades that contain both P-I and P-II representatives. These results highlight apparent multiple convergent evolution of the P-I SVMP structure; loss of the P-II disintegrin domain to form the P-I scaffold has evolved independently on at least eight occasions within the Viperidae.
Evolutionary history of SVMPs
Adaptive molecular evolution
Tests of adaptive molecular evolution utilised back-translated amino acid datasets consisting of 2082 DNA positions of P-III and P-II SVMPs (n=128) and 1635 DNA positions of P-II and P-I SVMPs (n=76). Models of sequence evolution assigned by MrModeltest (Nylander, 2004) for Bayesian analyses are displayed in Supplementary Figure 4 and Supplementary Figures 1 and 2) ; once following the loss of the P-III cysteine-rich domain to form a P-II structure (P-III and P-II dataset) and six times following the convergent loss of the P-II disintegrin domain to form a P-I (P-II and P-I dataset).
Foreground branches were tested against background branches for evidence of positive selection following the divergence of toxins exhibiting domain loss. The P-II foreground branch and four of the six P-I branches exhibited highly significant (p<0.01) evidence of positive selection over background branches (Table 1) . Since the disintegrin domain of P-IIs and the disintegrin-like domain of P-IIIs exhibit considerable sequence disparity following their divergence Serrano, 2005, 2008) , we repeated the P-III and P-II analysis excluding these domains to test whether the metalloproteinase domain of these SVMP classes had also evolved by positive selection -the results remained highly significant (p<0.01) (Table 1) . Null tests of positive selection on twenty randomly selected branches in the SVMP trees (cf. Supplementary Figures 1 and 2 ) revealed evidence of positive selection in ten branches. Whilst this represents a lower percentage (50%) than branches where domain loss was inferred to have occurred (71% -5 out of 7 branches), it is apparent that positive selection acting on SVMPs is not exclusively associated with domain loss. However, it is notable that when statistically comparing the positive selection test statistic between the two groups of branches exhibiting evidence of positive selection (i.e. domain loss branches -cf. Table 5 for a list) were mapped to P-I (metalloproteinase domain) and disintegrin three-dimensional macro-molecular structures ( Figure 5 ). Nineteen residues were identified in the four P-I foreground branches (MP domain only), whilst 53 residues (MP domain -38, DIS domain -15) were identified in the P-II foreground branch (Table 1) . It is worth noting that of the 15 disintegrin domain residues identified here, 11 correspond to those previously identified by tests of positive selection specific to the evolution of this domain (Juárez et al. 2008 ). For both analyses undertaken here, the majority of the identified residues are predicted to be surface exposed on the macro-molecular structure ( Figure 5) . Notably, the residues identified from both sets of branch tests exhibited highly significant increases in Real-SPINE 3.0 accessible surface area scores (Faraggi et al. 2009 ) when compared to the total residues present in each macromolecular structure (p=0.021 for P-I branch residues and p=0.010 for P-II branch residuescf. Supplementary Table 6 for test statistics), providing strong evidence that highly surface exposed residues are the focus of positive selection. has previously been rejected (Fry and Wüster, 2004) . Notably, the paraphyly of non-viperid SVMPs (i.e. Elapidae and Atractaspidae P-III SVMPs) near the base of the tree (Figure 2 ) strongly implies that recruitment and primary gene duplication occurred prior to the divergence of the Caenophidians, with the majority of subsequent increases in gene diversity occurring in the Viperidae. The identification of robustly supported nodes supporting the placement of P-I and P-II SVMPs within the viperid P-IIIs (Figure 2 ) confirms the diversification of SVMP molecular scaffolds has occurred following the separation of the viperids from the remaining Caenophidia; these observations explain the absence of P-I and P-II SVMPs from non-viperid species and suggest their functional activities are exclusive to viperid venom. Despite the production of consistent tree topologies derived from multiple domain analyses, the monophyly of the clade containing the P-I and P-II classes is not significantly (>0.95) supported in these analyses (cf. Figure 2) . However, DNA analysis of the Viperidae P-III and P-II classes produced a strongly supported monophyletic P-II clade (Supplementary Figure 2) . Although a small number of P-II sequences were excluded from this analysis (cf. Figure 2) , the results here and elsewhere (cf. Figure 4) imply that P-I and P-II SVMPs represent a monophyletic group, despite the absence of significant node support in the full amino acid dataset.
Evolution of P-II SVMPs
The evolutionary history of the viperid SVMPs implies the origin of the P-II structure has occurred through the loss of the P-III cysteine-rich domain followed by mutation of the disintegrin-like domain, forming the disintegrin domain (Moura-da-Silva et al. 1996; Calvete et al. 2003; Juárez et al. 2008) . The disintegrin domain is characterised by the loss of specific cysteine residues which remain in the disintegrin-like domains of their P-III precursors (Calvete et al. 2003; Fox and Serrano, 2005; Juárez et al. 2008) . Notably, the most basal P-II SVMPs have been identified as those that do not undergo proteolytic processing (cf. Figure   4 ) and, whilst possibly coincidental, it is worth noting that dimeric clades of SVMPs exist near the base of both the P-III and P-II/P-I diversifications (Figures 3 and 4) , suggesting that the formation of a dimeric structure may facilitate the subsequent diversification and modification of SVMP domain structures. Subsequent evolutionary loss of dimerism may provide a functional advantage by reducing toxin size and enabling more rapid physiological diffusion in prey (Doley and Kini, 2009 ).
Evolution of P-I SVMPs
The formation of the P-I molecular scaffold has occurred through the loss of the P-II disintegrin domain on at least eight independent occasions (Figure 4) . Notably, genusspecific domain losses have occurred in the genera Echis, Macrovipera, Deinagkistrodon and at least twice in Bothrops. Given the incomplete sampling of snake venom SVMPs, this likely under-represents the true number of disintegrin domain losses that have occurred throughout the evolutionary history of the Viperidae. The presence of multiple clades containing both P-
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I and P-II SVMPs imply these domain losses are convergent, with parallel loss occurring independently in multiple genera. This result is surprising, since the evolution of the P-II structure appears to have occurred once at the base of the Viperidae radiation (Figure 2) approximately 62 Mya (Wüster et al. 2008 ); P-I evolution has apparently occurred much later following i) the split of Macrovipera from Bitis (~40 Mya) and ii) the Echis radiation (~18 Mya) in the Viperinae and iii) the split of Bothrops from Crotalus in the Crotalinae (~22 Mya) (Wüster et al. 2008) (Figure 4 ).
Adaptive evolution of P-II SVMPs
Tests of adaptive molecular evolution revealed that loss of SVMP domain structures (cysteine-rich domain from P-IIIs and subsequently the disintegrin domain from P-IIs) precede significant increases in positive selection on the novel molecular scaffold (Table 1) .
Notably, this truncation of SVMP toxins appears to facilitate the adaptive evolution of surface exposed amino acid residues ( Figure 5 ) likely responsible for protein-protein interaction and function. Our results support the hypothesis that the P-II molecular scaffold has evolved through the loss of the cysteine-rich domain followed by accelerated mutation of the disintegrin-like domain ( Figure 5C ) (Moura-da-Silva et al. 1996; Calvete et al. 2005 ).
This accelerated evolution, causing the formation of the disintegrin domain, has also facilitated protein neofunctionalization. SVMP disintegrins have developed novel, potent, platelet aggregation inhibitory activities, due to the evolution and surface exposure of integrin-binding motifs that are absent in the disintegrin-like domains of P-IIIs Serrano, 2005, 2008) . Notably, the more basal, unprocessed P-IIb sub-class exhibit considerably lower platelet aggregation inhibitory activities than their derived, proteolytically processed P-IIa counterparts (Fox and Serrano, 2005 ) -providing strong evidence that optimisation of this neofunctionalization has occurred (Figure 4) . However, positive selection has also acted upon numerous residues present in the metalloproteinase domain ( Figure 5B ), implying that selective pressures are not exclusively associated with the neofunctionalization of the disintegrin domain. These results are also consistent with observations from proteolytically processed P-II and P-III SVMPs (cf. Figure 1) ; the metalloproteinase domain of P-IIIs is thought to be rapidly degraded following processing, whilst in P-IIs the domain is stable and functionally active (Modesto et al. 2005; Fox and Serrano, 2008) . Considering basal P-II SVMPs are not proteolytically processed (Figure 4) , we propose that the P-II precursor (i.e. a P-III SVMP) was incapable of proteolytically processing the newly-evolved disintegrin domain, thereby also permitting the metalloproteinase domain to selectively neofunctionalize through retention. Subsequently, mutations likely facilitated the proteolytic processing of the disintegrin domain to form two functionally distinct domain products (Modesto et al. 2005) , both of which have neofunctionalized or optimised their functional potency compared to domain homologues present in ancestral P-III SVMPs Serrano, 2005, 2008; Modesto et al. 2005) .
Adaptive evolution of P-I SVMPs
Positive selection has also driven the evolution of the metalloproteinase domain in P-I structures, following the convergent loss of disintegrin domains (Table 1) . Of the nineteen sites identified by tests of adaptive molecular evolution, seventeen occur in regions of the metalloproteinase domain adjacent (up to four codons separation) to those identified as being under selection in the P-II structure (cf. Figure 5) . Notably, only two of these residues are identical, implying that evolution of the P-I metalloproteinase domain is predominately occurring through the mutation of residues that have not previously been the subject of selection. As with the P-II foreground branch, these identified residues exhibit significantly higher accessible surface area scores than would be expected by chance (p=0.021), suggesting positive selection is principally acting upon the surface exposed regions of the macro-molecular structure ( Figure 5A ). P-I SVMPs predominately exhibit haemorrhagic 20 and/or fibrinolytic activities, yet they are widely regarded to be the least haemorrhagic of the SVMP classes (Fox and Serrano, 2005 ). However, fibrinolytic functionality is seemingly associated with P-I SVMPs -especially when considering a number of the independent P-I clades determined here contain SVMPs that have been characterised as exhibiting fibrin(ogen)olytic activity (Baker et al. 1995; Rodrigues et al. 2000; Bernardes et al. 2008; Jia et al. 2009 ). We therefore hypothesise that evolution is convergently driving fibrinolytic neofunctionalization of the P-I class through the truncation of the P-II structure, perhaps as a response to dietary selection pressures for different prey types (cf. Daltry et al. 1996; Barlow et al. 2009; Gibbs and Mackessy, 2009) . Furthermore, it is apparent that evolutionary pressures appear to be reducing the severity of SVMP-induced haemorrhagic activity (from P-III to P-I) in favour of altering domain structures to diversify function.
However, it is notable that P-II and P-III class SVMPs have been retained in every genus where the evolution of the P-I molecular scaffold has occurred (cf. Figures 3 and 4) . We therefore suggest that, through gene duplication, the diversification of multiple SVMP class isoforms exhibiting structural and functional diversity present an evolutionary advantage for prey capture over the "optimisation" of a single SVMP structure.
SVMPs and models of gene evolution
The evolutionary history of the snake venom metalloproteinases provides a valuable insight into how complex gene families evolve by gene duplication. We have identified how alterations in domain structure (through the loss of toxin domains) underlie the accelerated evolution of surface exposed residues that likely result in the neofunctionalization of toxins.
Current models of gene neofunctionalization propose the evolution of secondary functions occur prior to gene duplication, permitting the maintenance of multiple genes through selection for divergent functions (Hughes, 1994; Bergthorsson et al. 2007 ). The snake venom metalloproteinases provide support for these models, particularly when considering the 21 evolution of P-I structures from P-IIs: proteolytically processed P-IIs are capable of forming multiple domain products (MP and DIS domains) with different activities (Modesto et al. 2005 ) -assuming that the disintegrin domain (which has evolved from a P-III precursor disintegrin-like domain) encodes a primary function and the metalloproteinase domain a secondary function, selective pressures acting to promote the secondary function are likely to induce gene amplification and, ultimately, facilitate the loss of the primary function in the duplicate gene through loss of the disintegrin domain.
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Conclusion
By exploring the evolutionary history of complex multi-gene families, insights into the processes that govern the functional evolution of genes can be obtained. The snake venom metalloproteinases are an extreme example of multi-gene protein family evolution -their history is punctuated by post-translational modifications, accelerated evolution by positive selection, and, perhaps most importantly, multiple episodes of domain alteration, with the domain losses described here and elsewhere (Okuda et al. 2002; Fry et al. 2008) as under positive selection (p<0.05). MPmetalloproteinase domain, DIS -disintegrin domain, CYS -cysteine-rich domain, n.s. -not significant. * Only one of the three residues were mapped to the macro-molecular structure (cf. Figure 5 ) -the remaining two sites were identified in a region that extends past the Cterminus of the structure.
32 Figure 1 . Schematic of SVMP classes and their post-translationally modified forms in venom.
SP -signal peptide, P -pre-domain, Pro -pro-domain, Metalloproteinasemetalloproteinase domain, DIS -disintegrin domain, DIS-like -disintegrin-like domain, CYS -cysteine-rich domain. Intact -P-Ia, P-IIb and P-IIIa; proteolytically processed into multiple products -P-IIa and P-IIIb; dimeric -P-IIc and P-IIIc. Okuda et al. 2002; Fry et al. 2008) . Proteinase loss was observed in sequence data generated for this study [GenBank: GU012129] .
